Abstract. Agkistrodon acutus bites are conventionally treated with animal-derived antivenom, the use of which is limited due to allergic reactions and serum sickness. Thus in the present study, the genes of humanized antibodies produced in response to A. acutus venom were extracted from lymphocytes from patients bitten by A. acutus. A single-chain variable fragment (scFv) library against venom was constructed using a T7 phage display system. ScFv genes that exhibited high affinity to venom were selected by library biopanning. An expression system was constructed for antivenom scFv fused with 6xHis tag at its N-and C-terminus using pET-28a (+) vector. The scFv proteins could achieve functional and soluble expression in Escherichia coli via the auto-induction method. The purity and activity of the scFv genes and proteins were confirmed by SDS-PAGE, western blotting and ELISA. The results indicated that three soluble scFv proteins exhibited specific affinity to A. acutus venom and were harvested via the auto-induction method.
Introduction
Agkistrodon acutus is one of the most common venomous snakes in China and Vietnam (1) . A. acutus venom contains metalloproteinases, phospholipase C-type lectin-like proteins and serine proteases (2, 3) . Snakebites of A. acutus can cause acute reactions, including tissue inflammation, edema, necrosis and hemorrhage, as well as clotting abnormalities, which can induce multiple organ failure (4, 5) .
The treatment of A. acutus bites remains a controversial topic. Conventionally, animal-derived antivenom is administered to patients, but the clinical use of animal-derived antivenom has been limited due to frequent allergic reactions and serum sickness (6) . In the last decade, antigen-specific monoclonal antibodies have been applied therapeutically as antivenoms (7) . However, the clinical application of monoclonal antibodies derived from animal sources is limited by immunogenicity and short half-life (8) . Genetically engineered antibodies have been constructed to reduce immunogenicity and enhance performance (9) . A basic functional unit of the antibody, the single-chain variable fragment (scFv) region, confers antigen specificity. Expressed scFv proteins possess advantages such as lower molecular weight, improved tissue penetration, and the potential to be prepared in vitro (10) . Phage libraries of scFv gene repertoires are powerful tools for the isolation and identification of scFv molecules targeting specific antigens (11) .
In the present study, to identify a potential treatment strategy for A. acutus bites, lymphocytes of two patients bitten by A. acutus were used to generate an scFv library, constructed in the T7 phage display system. The affinity of selected scFv proteins for A. acutus venom was probed by ELISA. The high-affinity scFv genes were introduced to a prokaryotic expression vector and functionally expressed in vitro.
China), according to the manufacturer's protocol, then mRNA was purified from extracted total RNA using Oligotex mRNA Mini kits (Qiagen GmbH, Hilden, Germany). Different purify cDNA was prepared respectively using reverse transcription using M-MLV Reverse Transcriptase (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with random hexamers starting with 1-5 µg of total RNA or mRNA to a final volume of 20 µl.
Generation of human scFv gene repertoire. Primers for PCR amplification of human variable regions of light (VL) and heavy (VH) chain genes were designed according to the degenerate primers described by Sblattero et al (12) . The 5' ends of the human VL forward primers and VH reverse primers were modified include EcoRI and HindIII sites, respectively, for ligation into T7Select 10-3b DNA vector (EMD Millipore, Billerica, MA, USA). In order to splice the VL and VH amplicons, a complementary overlapping sequence (Linker-F and Linker-R) encoding a flexible linker of 12 amino acids was added to the 5' ends of the human VL reverse primers and VH forward primers (13) . Primers were designed to generate scFv genes using splicing by overlap extension-polymerase chain reaction (SOE-PCR) (Table I) . PCR amplification of the human VL and VH genes was performed in a 50 µl mixture containing 10 nM of each forward and reverse primer, 4 µl cDNA, 0.25 mM each dNTP mixture, 10 µl 5xPrimeSTAR ® Buffer (Mg 2+ plus) and 0.5 units PrimeSTAR ® polymerase (Takara Biotechnology Co., Ltd., Dalian, China). The amplification conditions comprised an initial denaturation at 95˚C for 5 min, followed by 35 PCR cycles of 95˚C for 20 sec, 53˚C for 20 sec and 72˚C for 30 sec, and a final extension step of 72˚C for 5 min. All amplified VL and VH genes were purified using the Qiaquick Gel Extraction kit (Qiagen GmbH) in accordance with the manufacturer's protocol. The human scFv gene was generated by SOE-PCR. Briefly, the SOE-PCR reaction contained 100 ng of purified VL products and 100 ng of purified VH products, 10 nM of VH-scFv-F and VL1/VL2-scFv-R primers, 0.25 mM each dNTP mixture, 1xPrimeSTAR ® Buffer (Mg 2+ plus) and 0.5 units PrimeSTAR ® polymerase. The cycling conditions for SOE-PCR were identical to those aforementioned. Total PCR products were subjected to 1.5% agarose gel electrophoresis and then visualized with ethidium bromide.
Cloning of human scFv gene repertoire into T7Select10-3b vector. The human scFv gene products were digested with restriction enzymes EcoRI and HindIII (New England BioLabs, Inc., Ipswich, MA, USA). After purification of the digested products, cohesive ligation of the scFv gene products (0.12 pM) with T7Select 10-3b EcoRI/HindIII Vector Arms (0.04 pM) (Merck, USA) was performed using T4 DNA Ligase (New England BioLabs, Inc.) at 16˚C for 12 h. The ligation products were added directly to 25 µl T7 Packaging Extracts (EMD Millipore) and incubated for 2 h at 22˚C for in vitro packaging. Sterile lysogeny broth (270 µl) was added to stop the reaction. The primary scFv library was amplified by liquid lysate amplification according to the T7Select system manual. The titers of the primary and amplified library were determined by plaque assay, as described by the system manual.
ScFv library screening. To screen for antigen-specific scFv that bound to A. acutus venom expressed in T7 phages, biopanning was performed to enrich venom-specific scFv phages according to the T7Select system manual. A. acutus venom protein was purchased from Guduo Biotechnology Inc. (Shanghai, China). Venom protein was dissolved in PBS to yield a stock solution of 10 mg/ml, and diluted in PBS to 100 ng/ml for biopanning. A total of 12 phage clones were selected from output phages of the fourth round of biopanning, and their reactivity with venom protein was analyzed by phage ELISA (14) .
Phage ELISA. Briefly, ELISA plates were coated with venom protein at a concentration of 10 µg/ml in 100 µl Coating buffer (15 mM Na 2 CO 3 , 35 mM NaHCO 3 , pH 9.6) per well overnight at 4˚C. After soaking each well of the plate three times for 2 min with 200 µl PBS containing 0.05% Tween-20 (PBST), the plate was blocked with PBST containing 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at room temperature for 4 h. Each well was then soaked with PBST three times in the conditions as aforementioned. Selected phages (1x10 8 pfu) were added to each well and incubated at 37˚C for 1 h. Bound phages were detected by horseradish peroxidase (HRP)-conjugated anti-T7 tag antibody (cat no. 69084; Merck KGaA), followed by a coloration reaction using the substrate 3,3'5,5'-tetramethylbenzidine (TMB; Tiangen Biotech Co., Ltd.). Absorbance at 450 nm was measured using a Synergy HT spectrometer (BioTek Instruments, Inc., Winooski, VT, USA). The phages generated by the T7Select control insert were used as negative controls. The sample OD450 value/negative control OD450 value was determined, and values >2 were considered positive.
Sequencing, expression and purification of scFv. According to T7Select
® System Manual, the phages with positive signal were amplified by PCR, which was performed in a 50 µl mixture containing: 10 nM sequencing primers T7selectUP and T7selectDOWN (Novagen, Merck, Germany) 2 µl phage (>1x10 8 pfu), 0.25 mM of each dNTP mixture, 10 µl 5 xPrime-STAR ® Buffer (Mg 2+ plus) and 0.5 units PrimeSTAR ® polymerase (Takara Biotechnology Co., Ltd.). The amplification conditions comprised an initial denaturation at 95˚C for 5 min, followed by 35 PCR cycles at 95˚C for 15 sec, 50˚C for 15 sec and 72˚C for 30 sec, and a final extension step at 72˚C for 5 min. Products of PCR were sent to BGI Corporation (Shenzhen, China) for DNA sequencing. Positive PCR products and the pET28a (+) vector (Novagen) were digested with restriction enzymes EcoR I and Hind III. Then the digested vector and PCR products were ligated with T4 DNA ligase in a ratio of 1:3 overnight at 16˚C The Escherichia coli BL21(DE3) competent cells were transformed with the ligation product and cultured on an LB medium plate (10 g/l Tryptone, 5 g/l Yeast Extract, 10 g/l NaCl, 1.5% Agar; Sangon Biotech Co., Ltd.) containing 50 µg/ml kanamycin for 12 h at 37˚C to grow a positive colony that included the pET28a(+)-scFv recombinant plasmid. Positive colonies were selected and cultured on 200 ml auto-induction medium (12 g/l tryptone, 24 g/l yeast extract, 0.8% glycerol, 5 g/l lactose, 0.15 g/l glucose, 2 mM MgSO 4 , 0.38% aspartic acid, 17 mM KH 2 PO 4 , 72 mM K 2 HPO 4 ) at 25˚C. At 24 h after auto-induction culture, the cells were harvested by centrifugation (4,200 x g, 4˚C,
10 min), suspended in ice-cold lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl and 5 mM imidazole, 1 mM phenylmethylsulfonyl fluoride, pH 8.0) and lysed by sonication (10 times, 4˚C, 10 sec interval). After centrifugation at 10,000 x g for 20 min at 4˚C, the scFv protein in soluble fraction was purified using Ni-nitrilotriacetic acid (NTA) agarose beads (Qiagen GmbH) at 4˚C. Briefly, 1 ml of Ni-NTA agarose was loaded into a QIAGEN-tip 500 column (Qiagen GmbH) and equilibrated with 10 ml of lysis buffer [50 mM NaH 2 PO 4 , 300 mM NaCl and 5 mM imidazole (pH 8.0)]. The soluble fraction was loaded onto the equilibrated columns. After loading, the column was washed with 50 ml of washing buffer (50 mM NaH 2 PO 4 , 300 mM NaCl and 20 mM imidazole, pH 8.0). The bound scFv protein was eluted with 5 ml of elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl and 250 mM imidazole, pH 8.0) and 1 ml fractions were collected. The fractions were then dialyzed against PBS for 3 h. The protein concentration was determined using a BCA protein assay kit (Beyotime Institute of Biotechnology, Haimen, China).
SDS-PAGE and western blot analysis.
Purity of the Ni-NTA-purified scFv was examined by SDS-PAGE and western blot analysis. 20 µg purified proteins were separated on a 12% polyacrylamide gel at a constant electric current of 15 mA for 1.5 h and visualized by Coomassie blue staining. For western blot analysis, the proteins were transferred onto nitrocellulose membranes using the wet transfer method at a constant voltage of 80 V for 2 h. The membrane was blocked with PBST containing 5% non-fat milk at room temperature for 1 h, then the blot was probed overnight at 4˚C with a mouse anti-6xHis tag antibody (cat no. CW0082A; CWBio, Beijing, China) at 1:2,000 dilution. Following incubation with an HRP-conjugated goat anti-mouse IgG antibody (cat no. A0216; Beyotime Institute of Biotechnology) at 1:10,000 dilution for 2 h at room temperature, immune reactive bands were detected with an enhanced chemiluminescence kit (EMD Millipore).
ELISA analysis of the activity of anti-venom scFv. ELISA plates were coated with venom protein and utilized for the assay as described above. ScFv protein (2 µg) was added to each well and incubated at 37˚C for 2 h. After washing with PBST three times in conditions as aforementioned, Horseradish peroxidase-labeled goat anti-human IgG (H+L; cat. no. A0201; Beyotime, China) was added to the plate and incubated at 37˚C for 1 h. After washing with PBST three times in conditions as aforementioned, bound scFv protein was detected by a colorimetric assay with TMB as the substrate. Absorbance at 450 nm was measured. Horseradish peroxidase-labeled goat anti-human IgG (H+L) was used as the negative control and PBS solution was used as the blank control. The sample OD450 value/negative control OD450 value was determined, and values >2 were considered positive.
Surface plasmon resonance analysis. The binding kinetics of soluble scFv and venom were analyzed using BiacoreX (GE healthcare Life Sciences, Little Chalfont, UK). The K d value of each purified scFv was calculated.
S = G/C, R = G/A, K = G/T, M = A/C, Y = C/T, W = A/T, H = A/C/T, B = C/G/T, D = A/G/T. PCR

Results
Amplification of the VL and VH genes.
Total mRNA, extracted and purified from the lymphocytes of patients, in addition to total RNA, was used as a template for reverse transcription of a cDNA substrate, then the VL and VH genes were amplified by PCR. As described previously, mRNA was a preferable substrate for specific and efficient amplification, in comparison with total RNA (14) . Therefore the PCR products amplified from mRNA were used for library cloning. The major VL and VH PCR product sizes were approximately 360 bp in length (Fig. 1 ). All VL and VH genes amplified by reverse transcription PCR were mixed and purified by gel filtration (Fig. 2A) . Then, SOE-PCR was performed to generate full human scFv genes. The resulting PCR products were approximately 750 bp in length (Fig. 2B ).
Generation and screening of the scFv library. The primary scFv library was generated through cloning the scFv gene repertoire into the T7Select10-3b vector and in vitro packaging. The primary library was amplified by liquid lysate method. The titer of the primary library was 4.6x10 9 pfu/ml. The A. acutus venom-specific clones were enriched by a biopanning procedure, which was performed four times, and the resultant titer of enriched phages was 5.2x10 14 pfu/ml.
Identification of positive scFv genes.
A total of 12 clones were selected from the fourth generation phage library, and the affinity of these clones for venom was assessed by phage ELISA. Of these phages, 50% exhibited affinity for venom (Fig. 3) . PCR products of these phage clones were analyzed by agarose gel electrophoresis (Fig. 4) and positive products were sequenced. DNA sequence alignment demonstrated that positive scFv genes were heterozygote forms of the VL-Linker (12 animo acids)-VH (data not shown).
Soluble expression of scFv and evaluation of affinity to venom. Four scFv genes (B1-05, E1-03, E1-08 and G1-09)
were cloned in multiple cloning sites of the pET-28a (+) vector and four scFv proteins were expressed in E. coli BL21 (DE3) by auto-induction (Fig. 5) . Three of the four proteins exhibited solubility (Fig. 6 ) and could be purified and concentrated using a Ni-NTA agarose column (Fig. 7) . ELISA results as shown in Fig. 8 , PBS is blank control, anti-human IgG (H+L) is negative control, three monomeric scFv showed positive reactions (S/N value > 2), demonstrated that scFv peptides possessed specific affinity for A. acutus venom.
Affinity analysis of anti-venom scFv by surface plasmon resonance. The affinity of the purified monomeric scFv and venom was analyzed using BiacoreX. As presented in Table II , the K on , K off , and K d values of different scFvs were examined. The K d value varied between 27.06 and 39.11 nmol/l, indicating that the selected scFv exhibited a higher affinity activity.
Discussion
Natural A. acutus venom contains complex antigenic components (5), so therapeutic antibodies have thus far proven difficult to isolate using monoclonal antibody technology. ScFv cloning is an alternative method by which antigen-specific fusion immunoglobulin proteins can be generated. Cloning of scFv libraries has been widely used to generate specific scFv, which exhibit improved pharmacokinetic properties compared with an intact antibody, including better tissue penetration and rapid blood clearance (15) (16) (17) . The present study aimed to identify A. acutus venom-specific antibodies. For this purpose, mRNAs were purified from the lymphocytes of patients who had been bitten by A. acutus. The immune response to the venom was likely to have amplified the repertoire of toxin-specific immunoglobulin genes. The amplicons of the VL and VH domains were connected by a flexible linker of 12 amino acids by SOE-PCR, generating an scFv gene library, which was then packaged in the T7Select Phage Display system. Unlike other phage display systems, the T7Select system is capable of displaying non-membrane proteins. In addition, due to the small size of scFv PCR products, non-membrane proteins can be well presented in the T7Select system (18) (19) (20) (21) . After four rounds of biopanning, specific anti-venom scFv presenting phages were enriched. Of the 12 randomly selected scFv clones, 50% exhibited affinity for venom in ELISA. DNA sequencing demonstrated that the sequences of these scFv clones varied (data not shown), further demonstrating the complexity of A. acutus venom. To confirm that the encoded proteins of these scFv clones exhibited specificity to venom, four scFv sequences were selected from sequencing data to perform prokaryotic expression in E. coli BL21(DE3). In previous reports, recombinant scFv protein is often present in the form of an inclusion body protein during prokaryotic expression in E. coli; however, this original structure and its activity are lost following inclusion body renaturation (22) (23) (24) (25) . In the present study, due to high expression levels and a high probability of solubility for foreign proteins, the method of auto-induction was substituted for isopropyl β-D-1-thiogalactopyranoside (IPTG)-induction for protein expression (26) . Indeed, the four scFv proteins selected exhibited insoluble expression or no expression in a preliminary experiment with IPTG-induction (data not shown). By contrast, three scFv proteins were purified using Ni-NTA chromatography for soluble expression by auto-induction culture. Each of these three scFv proteins exhibited a specific function to detect venom as antibodies in ELISA.
In the present study, an anti-A. acutus venom scFv phage library was constructed to select specific scFvs against venom.
The recombinant proteins of these scFv genes were also screened and were determined to be soluble and expressed in E. coli. These results provide a foundation for the preparation of humanized therapeutic antibody in vitro to treat A. acutus bites.
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